Introduction
GABAergic interneurons are the only source of GABA and the main source of inhibition in the mammalian central nervous system. Depending on the brain region, they constitute 10%-25% of the total number of cortical neurons, where they play a crucial role in controlling and orchestrating the activity of pyramidal neuron assemblies. GABAergic interneurons are extremely diverse in their morphology and functional properties. At least 20 different cortical subtypes and 21 hippocampal subtypes have been identified (Fishell and Rudy, 2011; Klausberger and Somogyi, 2008) . Interneurons can be broadly classified according to at least six different criteria: (1) morphology of soma and axonal and dendritic arbors; (2) molecular markers including but not restricted to calcium binding proteins (parvalbumin, calbindin, calretinin) , neuropeptides (e.g., Vasoactive Intestinal Peptide [VIP] , neuropeptide Y [NPY], reelin, somatostatin), and receptors (e.g., 5HT 3 R, mGluR1, CB1); (3) postsynaptic target cells/subcellular compartments; (4) area of origin and transcription factors involved in subtype fate determination; (5) intrinsic physiological properties; and (6) function in the adult brain. Since there is not a complete correspondence between the different classifications, it has remained a challenging task to come up with a classification spanning all categories and this is still an issue of debate (Ascoli et al., 2008) .
The origin, migration, diversity and functional roles of neocortical and hippocampal interneurons in the adult brain have been the focus of numerous excellent reviews (e.g., Fishell and Rudy, 2011; Huang, 2009; Klausberger and Somogyi, 2008; Marin and Rubenstein, 2003; Woodruff et al., 2010) . Here, we will describe the essential steps of the maturation of GABA signaling and will show that the functional maturation of GABAergic interneurons shapes cortical oscillations, plasticity, and synaptic wiring during the course of pre-and postnatal development. Sensory inputs and cortical activity, on the other hand, provide a feedback mechanism to dynamically adapt the maturation of interneurons to maintain network homeostasis. Finally, we will highlight studies showing that improper maturation of interneurons may contribute to the etiology of neurodevelopmental disorders.
Protracted Development of GABA Signaling Protracted Maturation of Cortical Inhibitory Circuits
An important feature of the development of GABAergic system is its long duration. The generation of interneurons largely overlaps with the generation of excitatory neurons but the site of origin of the two cell types differs. Murine pyramidal cells are generated in the ventricular zone of the dorsal telencephalon from E11 to E17 (Mitsuhashi and Takahashi, 2009) . Interneurons are derived from the ganglionic eminences of the ventral telencephalon. While the generation of medial ganglionic eminence (MGE)-derived interneurons in mice commences around E9.5 with a peak at E13.5 (Miyoshi et al., 2007) , interneurons start to be generated in the caudal ganglionic eminence (CGE) at E12.5 (Miyoshi et al., 2010) . At prenatal stages (E14-E19), GABA-positive cells can be observed mainly in the subplate, marginal zone and subventricular zone. They disappear from these regions between P0 and P8. GABA immunoreactivity is present at E14 in the cortical plate but exhibits its mature pattern only postnatally. By P16-P21, the pattern of GABA immunoreactivity is similar to that of the adult brain (Del Rio et al., 1992) .
GABA is synthesized by two isoforms of glutamic acid decarboxylase (GAD), GAD65 and GAD67. Both isoforms are present in most GABA-containing neurons, but GAD67 appears to be distributed throughout the cell cytoplasm, whereas GAD65 is specifically targeted to membranes and nerve endings. It has been suggested that GAD67 preferentially synthesizes cytoplasmic GABA, while GAD65 ensures GABA synthesis destined for vesicular release (Soghomonian and Martin, 1998) . The development of GAD65/67 expression is thus a good indicator of the maturation of the neuronal capacity to produce and release GABA. In the rodent visual cortex, the levels of GAD immunoreactivity gradually increase until puberty ( Figure 1A ; Huang et al., 1999; Wolff et al., 1984) . Extracellular concentrations of GABA are controlled by specific high-affinity, Na + /Cl À dependent transporters. Four genes encode GABA transporters (GAT-1, GAT-2, , two of which are expressed in the cerebral cortex. At birth, GATs are expressed at a low level (Figure 1A) . Adult levels are reached progressively during the first postnatal month in rodents (for review, see Conti et al., 2004) . The differential maturation of the inhibitory versus excitatory systems is also reflected in synapse number ( Figure 1A ). GABAergic synapses were identified as early as E16 in the immature rat neocortex, primarily in the marginal zone and the subplate, while glutamatergic synapses appeared one day later at E17 (Konig et al., 1975) . Furthermore, quantitative evaluation of inhibitory and excitatory synapses in the macaque monkey visual cortex demonstrated that at fetal stages inhibition is more prevalent than in the postnatal brain (Bourgeois and Rakic, 1993) .
GABAergic synaptic responses in rodents can be recorded at late embryonic stages (i.e., E18) in the mouse neocortex (Verhage et al., 2000) and rat hippocampus (Hennou et al., 2002) . Interestingly, the proportion of pyramidal cells receiving GABAergic spontaneous activity at E18-E20 in the rat hippocampus ($12%) is far lower than the proportion of interneurons with inhibitory postsynaptic currents (IPSCs) at the same age ($65%) (Tyzio et al., 1999) . This may reflect different birthdates of pyramidal cells and interneurons and/or differences in the time required to establish GABAergic synapses in the two cell 
Figure 1. Maturation of GABAergic Neurotransmission
(A) Maturation of selected GABAergic markers during postnatal development, i.e., GABA levels (Coyle and Enna, 1976) , GAD activity (Wong and McGeer, 1981) , VGAT expression (Conti et al., 2004; Minelli et al., 2003) , GABAergic synapses (Micheva and Beaulieu, 1996) . (B) Functional maturation of interneurons generated at E14 in the caudal ganglionic eminence (Le Magueresse et al., 2011) . Please note that P0 in graph A corresponds to $E14 in graph B. Other subtypes of interneurons may have a different pattern of functional maturation. *GABA levels are from whole rat brains. AP, action potential. IPSC, inhibitory postsynaptic current. EPSC, excitatory postsynaptic current.
types. The latter scenario is more likely, since the generation of pyramidal cells and interneurons largely overlaps in time. Moreover, grafting immature interneurons from the CGE into the postnatal cortex showed that the maturation of their GABAergic responses followed almost identically the maturation of GABAergic responses of similar neurons generated embryonically (Le Magueresse et al., 2011) . Thus, the appearance of GABAergic responses does not depend only on a mature ''presynaptic component,'' that is the presence of functionally mature GABAergic fibers but also on the ''postsynaptic component'' that clearly reflects a predetermined pattern of synaptic formation during dendritic development ( Figure 1B) .
The frequency of spontaneous GABAergic postsynaptic responses increases progressively during the first month of life in rodents before reaching a plateau, reflecting the increase in the density of GABAergic synapses (Luhmann and Prince, 1991) . Such a gradual increase is also seen in interneurons grafted in the postnatal cortex, indicating that it largely depends on the establishment of synapses by the grafted neuron as dendritic maturation progresses. GABAergic and glutamatergic inputs are established in a sequential manner in interneurons and pyramidal cells, with glutamatergic spontaneous currents appearing a week later than GABAergic currents in the same cell type (Le Magueresse et al., 2011; Tyzio et al., 1999) . Maturation of GABA Receptors in Interneurons and Pyramidal Cells Fast GABAergic responses are mediated by GABA A receptors, chloride-permeable pentameric channels composed of an assembly of subunits from eight classes of subunits (a1-6, b1-3, g1-3, d, ε, q, p, and r1-3). Although receptor composition differs across neuronal subtypes, subunits most often assemble with a 2a:2b:g stoichiometry. The GABA A reversal potential (E GABA ) is primarily determined by the chloride reversal potential of the cell (E Cl ). E Cl depends on the intracellular chloride concentration, which is set by the opposite action of the chloride cotransporters NKCC1 and KCC2 that are involved in chloride uptake and extrusion, respectively. In the immature brain, KCC2 expression in most neurons is delayed compared to NKCC1 expression, resulting in chloride accumulation in the cytoplasm and an E GABA greater than resting membrane potential (Rivera et al., 1999) . As a consequence, GABA is depolarizing in most immature neurons, at least in acute brain slices. KCC2 expression in the forebrain begins around the end of the first postnatal week and renders GABA hyperpolarizing (Ben-Ari et al., 1989 , 2012 Rivera et al., 1999, but see Bregestovski and .
Neuronal precursors express GABA A receptors from very early stages onward in the immature brain. In rodents, GABA A receptors are present in neuronal stem cells (LoTurco et al., 1995; Owens et al., 1996) and migrating neuroblasts (Manent et al., 2005) , well before the formation of GABAergic synapses. The composition of GABA A receptors in cortical neurons changes during the course of neuronal maturation. In the rat brain, the expression of a3, a5, and b3 mRNAs starts at late embryonic stages and peaks during early postnatal development. As the transcription of these three genes decreases, expression of a1, a4, b2, and d gradually increase during postnatal development in cortical neurons. These subunits are predominant in the adult brain, together with a2 and g2, whose expression remains fairly constant throughout development (Laurie et al., 1992) . The developmental change of GABA A receptor subunit expression is paralleled by the decrease in the decay time constant of GABAergic IPSCs (t IPSC ). The gradual decrease of t IPSC in MGE-derived parvalbumin-expressing (PV + ) fast-spiking (FS) neocortical and hippocampal interneurons (Doischer et al., 2008; Okaty et al., 2009 ) takes about 3-4 weeks until IPSCs acquire their mature properties. We reported a sharp decline of t IPSC in CGE-derived 5HT 3 R + cortical neurons, and in SVZderived 5HT 3 R + cortical neurons (Le Magueresse et al., 2011) .
In cortical and hippocampal pyramidal cells, a similar speeding of IPSC decay was attributed to the upregulation of a1 and a4 and downregulation of a3 and a5 GABA A receptor subunits (Bosman et al., 2002; Cohen et al., 2000; Dunning et al., 1999; Hutcheon et al., 2000) , suggesting that the switch in a subunits may be a universal phenomenon in all cortical neurons. The increased expression of a1 with age in both rodents and primates suggests that the progressive decrease in the decay time of GABA A receptor-mediated currents during development is a conserved feature in mammalian evolution (Bosman et al., 2005; Hendrickson et al., 1994; Pinto et al., 2010) . The developmentally regulated subunit-specific expression also has functional implications in terms of both physiological properties and receptor targeting. For example, a1 is uniformly distributed in synapses over the axosomato-dendritic domains but a2 is mainly located at the axon initial segment (Klausberger et al., 2002; Nusser et al., 1996) . GABA B receptors are G protein-coupled receptors and regulate inwardly rectifying potassium channels and calcium channels (Kaupmann et al., 1998; Ulrich and Bettler, 2007) , thus hyperpolarizing the membrane and shunting excitatory currents. Ultrastructural studies demonstrate that GABA B receptors are mostly located at non-synaptic sites (Kulik et al., 2003) . GABA B -mediated somatic responses to baclofen applications can be recorded in the cortex of neonatal rats, and these responses increase until the middle of the second postnatal week and remain stable thereafter (Luhmann and Prince, 1991) . Expression of different isoforms of the GB1 subunit (GB1a and GB1b), and thus the composition of GABA B receptors, changes during postnatal development (Fritschy et al., 1999) .
Maturation of Interneuron Morphology and of Intrinsic Electrophysiological Properties
We have limited knowledge of the intrinsic and environmental factors that determine the distinct morphologies of interneuron classes. Early Golgi and electron microscopy studies revealed that the maturation of axonal plexuses of cortical interneurons takes place mainly during the second and third postnatal week Parnavelas, 1983a, 1983b; Parnavelas et al., 1978) . In PV + cells, the full development of neurites takes approximately 4 to 5 weeks (Doischer et al., 2008) . However, characteristic dendritic features such as bipolarity of multipolarity are already present at P0 in the rat hippocampus (Hennou et al., 2002) . The membrane capacitance, which is correlated to the membrane surface, also increases over three weeks before reaching a plateau in cortical interneurons generated embryonically in the CGE and postnatally in the SVZ (Le Magueresse et al., 2011) . Because distinct populations of interneurons are generated at different times during embryonic development, they will differ with respect to their morphological development at a given postnatal time point. This is reflected in differences regarding their functional contribution within immature networks. For example, early-generated long-range projecting ''hub'' interneurons in the hippocampus already have an extended axon during the early postnatal period, which allows them to contribute to network synchronization (Bonifazi et al., 2009; Picardo et al., 2011) .
Several intrinsic electrophysiological properties are good indicators of functional maturation. The firing frequency increases with age before reaching a plateau, and at least for certain cell types (e.g., FS cells), the developmental profile of the firing pattern during the second and third postnatal week is paralleled by the maturation of other typical features, such as highfrequency subthreshold membrane potential oscillations and changes in membrane resistance (Doischer et al., 2008; Goldberg et al., 2011) . The maturation of interneuron firing is slow and is incomplete at P30 in mice, in contrast to cortical pyramidal cells whose action potential firing properties are already mature at P20-P22 in rats (Zhang, 2004) . Since functional maturation of interneurons is far from complete at the time when most slice electrophysiological work is preferentially carried out, care should be exerted when using ''typical firing patterns'' for interneuron classifications. Furthermore, it remains to be seen which of the network functions studied at a stage when inhibitory neurotransmission is still immature persist in the adult brain.
Notably, the development of other intrinsic electrophysiological parameters may diverge substantially in distinct interneuron subtypes. 
Neuron
Review well as increased expression of ion channels on their cellular membrane, in contrast to SOM + cells whose membrane resistance increases with age (Lazarus and Huang, 2011) . The mechanisms underlying the membrane resistance increase in SOM cells are unknown, but are presumably related to the downregulation of specific ion channels. Functionally, this implies that mature SOM + cells tend to be recruited easier to small excitatory inputs compared to earlier stages, while the input needed to recruit PV + and principal cells increases with age.
In summary, the maturation of the GABAergic circuitry starts earlier than the maturation of the glutamatergic system, continues for a longer period, and proceeds in distinct steps. It involves the ability of neurons to form GABAergic synapses at a defined developmental stage, the development of certain intrinsic cell properties as well as the maturation of the GABA release and reuptake system, and distinct developmentallyregulated expression profiles of proteins enabling intra-and intercellular signaling.
Expression of Receptors and Ion Channels in Interneurons at Different Stages of Maturation
Excitatory amino acid receptors are expressed in interneurons at early developmental stages; however, their subunit composition differs from that in the adult brain. Of the four subunits constituting heterotetrameric AMPA receptors (GluA1-4), the presence of GluA2 is particularly relevant, since it makes AMPA receptors impermeable to calcium and prevents a voltage-dependent block by intracellular polyamines. In the adult, AMPA receptors in interneurons differ from those in pyramidal cells. By and large, pyramidal cells express GluA2-containing AMPA receptors, while GluA2 levels are significantly lower in interneurons (Bochet et al., 1994; Geiger et al., 1995) . In the embryonic brain, GluA2-lacking AMPA receptors are expressed in migrating interneurons (Manent et al., 2006; Metin et al., 2000) . During adolescence in the rat prefrontal cortex, there is a transient increase in the proportion of GluR2-lacking AMPA receptors in FS cells, as indicated by the decreased rectification index (Wang and Gao, 2010) . Functionally, this points to a transient change in longand short-term plasticity rules in FS cells for two reasons. First, GluR2-lacking AMPA receptors promote anti-Hebbian longterm plasticity (Kullmann and Lamsa, 2008) . Second, these results could account for the shift from paired-pulse depression to paired-pulse facilitation that was observed in FS cells in 3-to 5-week-old rats (Angulo et al., 1999) , since GluA2-lacking AMPA receptors display activity-dependent release of polyamine block that modulates the synaptic gain toward paired-pulse facilitation (Rozov and Burnashev, 1999) .
Functional NMDA receptors are also expressed by tangentially migrating immature interneurons in the neocortical intermediate zone (Soria and Valdeolmillos, 2002) . The time course of synaptic NMDA receptor expression shows developmental variation in distinct cortical interneuron subtypes. In regular-spiking (RS) and low-threshold spiking (LTS) cells in the prefrontal cortex, NMDA receptor-mediated currents remain constant throughout postnatal development, but in FS cells, NMDA responses significantly decrease with age. The proportion of FS cells exhibiting detectable NMDA receptor-mediated currents upon extracellular stimulation progressively drops from about 75% in young (P15-P28) rats to 25% in adult animals (12-15 weeks). The decay time of NMDA current in FS and LTS cells, but not RS cells, decreases markedly between 2 and 4 weeks of age and 12 and 15 weeks of age, suggesting a change in the composition of GluN2 subunits specifically in FS and LTS cells during late postnatal development ). This is indicative of an extremely protracted development of some interneuronal subtypes, by far exceeding the maturation of GABAergic transmission itself. It bears consequences for the generation of oscillations in neuronal networks, given the role of NMDA transmission on FS interneurons for neuronal synchrony in the theta and gamma range (Korotkova et al., 2010) . Thus, fully mature oscillatory activity will likely take place only way after puberty. However, this long maturation of NMDA receptor composition might be a distinct feature of the prefrontal cortex and may be less pronounced in other areas.
Yet other channels are functionally relevant in immature GABAergic cells. Connexin 43 is expressed in immature GABAergic neuroblasts and is crucial for proper migration (Elias et al., 2010) . At this developmental stage, connexins form hemichannels whose adhesive properties guide immature interneurons in migration along radial glial cells. Interneurons do not establish functional gap junctions until the end of the first postnatal week when gap junctions couple pairs of pyramidal cells and FS interneurons as well as pairs of FS cells (Meyer et al., 2002; Pangratz-Fuehrer and Hestrin, 2011) . Of note, only gap junctions between interneurons persist in the adult; those between pyramidal cells and interneurons disappear between the second and the fourth postnatal week. Furthermore, the strength of electrical coupling between interneurons decreases during development (Meyer et al., 2002) .
Dynamic Interaction between GABA Signaling and Brain Activity during Cortical Maturation GABAergic Control of Neuronal Proliferation and Migration GABA negatively controls proliferation of stem cells (Andang et al., 2008) and adult progenitors of GABAergic interneurons in the postnatal and adult subventricular zone (Fernando et al., 2011) . In the postnatal SVZ, the endogenous protein diazepam binding inhibitor secreted by neuroblasts counteracts GABAinduced inhibition of proliferation by blocking GABA A receptors on precursor cells, thus providing a feedback mechanism on progenitor proliferation (Alfonso et al., 2012) .
GABA promotes the migration of immature glutamatergic and GABAergic interneurons (Behar et al., 1998 (Behar et al., , 2000 Lopez-Bendito et al., 2003; Manent et al., 2005) . The effect of GABA on interneuron migration appears to be dependent on its depolarizing action in immature neurons. The gradual expression of KCC2 in interneurons and the resulting hyperpolarization acts as a stop signal to prevent further migration (Bortone and Polleux, 2009 ). Interestingly, MGE-derived neurons, which express KCC2 earlier than CGE-derived neurons, also reach their final destination in the cortex earlier. KCC2 expression might thus control the laminar distribution of distinct subpopulations of cortical interneurons (Miyoshi and Fishell, 2011) . Since neuronal activity modulates KCC2 expression in multiple ways (Chamma et al., 2012) , local brain activity may act via KCC2 as a regulator of the final location of interneurons. The differential effect of cortical activity on interneuron migration and morphology was recently demonstrated, as altered intrinsic excitability was shown to result in a migration and maturation deficit of CGEderived reelin + and calretinin + but not VIP + interneurons (De Marco Garcia et al., 2011) . Thus, continuous cross-talk of cortical activity and the developing GABAergic system influences neuronal migration and dictates the final location of distinct interneuron subtypes in the cortex.
Synaptic Wiring
GABAergic synapse formation can take place in the absence of neurotransmission. There is morphological evidence for the presence of GABAergic synapses as early as E16, the time of onset of normal synaptogenesis, and postsynaptic GABA A receptors are already in place in the cortex of mouse embryos at a developmental stage when presynaptic release is not yet functional (Verhage et al., 2000) . Di Cristo and colleagues examined whether the subcellular organization of GABAergic synapses in visual cortex requires visual experience and thalamic input by evaluating the distribution of basket and bitufted interneuron synapses along pyramidal neurons in organotypic cultures in which inputs to the cortex had been removed. No major changes in the subcellular targeting of GABAergic synapses were observed, suggesting that targeting is specific even in the absence of sensory and thalamic inputs . In the same preparation, biophysical properties of basket cells also remained unchanged (Wu et al., 2012) . Studies on the maturation of embryonic neuroblasts grafted into the postnatal brain have shown that the maturation of neuronal morphology and electrophysiological properties are largely independent of the environment. The development of passive and active electrophysiological parameters, as well as the time at which spontaneous activity becomes detectable, are identical in grafted neurons and neurons maturing in situ (Le Magueresse et al., 2011) . It is not clear whether the ''choice'' of neuronal partners is altered by the graft. Data derived from experiments in which embryonic precursor cells from the lateral ganglionic eminence were grafted into the striatum showed that aberrant connections are formed by transplanted neurons (Magavi and Lois, 2008) . Together, these results suggest that a cellautonomous genetic program governs not only the maturation of electrophysiological and morphological features in distinct GABAergic interneuron subtypes, but also the formation of GABAergic synapses, in a manner largely independent of sensory input or intrinsic patterns of neuronal activity. Interestingly, recent results indicate that interneuron cell death, which elimi- nates 40% of interneurons during development, is also determined intrinsically (Southwell et al., 2012) . In contrast to the numerous genetic programs that govern the development of the GABAergic system in a fairly rigid manner, several developmental changes are modulated in an activitydependent fashion (Figure 2 ). For instance, GABA release that controls the maturation of inhibitory connectivity is itself regulated by neuronal activity. One critical factor in this regulation appears to be the activity-dependent regulation of GAD67 (Gierdalski et al., 2001; Liang et al., 1996; Patz et al., 2003) . Indeed, perisomatic innervation by PV + interneurons and axonal branching are reduced as a consequence of knocking out GAD67 in a subset of PV + basket cells in slice cultures (Huang et al., 2007) . Interestingly, complete block of GABA release from PV + basket cells results in an opposite effect, namely proliferation of synapses and axon overgrowth. Since GABA is not necessary for synapse formation, these results suggest that GABA release is a key regulator of synapse elimination (Baho and Di Cristo, 2012; Wu et al., 2012) . Moreover, GABA fine tunes the formation of glutamatergic synapses in an activity-dependent manner. This effect is critically dependent on the depolarizing action of GABA during development. Thus, blockade of NKCC1 during the period of GABA depolarization permanently decreases excitatory synaptic transmission and dendritic length Kriegstein, 2008, 2011) . Conversely, accelerating the switch from excitatory to inhibitory GABA by premature expression of KCC2 also leads to altered dendritic morphologies (Cancedda et al., 2007) . Therefore, activity-dependent GABA signaling contributes to optimize the balance between excitation and inhibition (E/I balance) in the developing cortex. A key regulator of interneuron development that most likely plays a role in controlling the E/I balance at postmigratory developmental stages is BDNF. BDNF is secreted from pyramidal cells in an activity-dependent manner and regulates the maturation of interneurons (Rutherford et al., 1997) . Genetically enhancing BDNF signaling in pyramidal cells during postnatal development accelerates the maturation of PV + basket cells (Huang et al., 1999) . Consistent with the importance of cortical activity in shaping the development of GABAergic transmission, a number of studies point to an important role of sensory experience in the maturation of GABA signaling. Dark rearing of rat pups causes high rates of spontaneous activity in the visual cortex, coupled with lack of tuning and prolonged duration of responses to moving stimuli, suggesting delayed maturation of intracortical inhibitory mechanisms (Benevento et al., 1992) . Visual deprivation from birth onward also decreased GABA immunoreactivity (Benevento et al., 1995) and the number of GABAergic synapses (Gabbott and Stewart, 1987) , and perisomatic GABAergic innervation in pyramidal cells of the visual cortex is disrupted following dark rearing Morales et al., 2002) . Sensory deprivation-induced remodeling of GABAergic transmission is not limited to the visual cortex. For instance, whisker trimming before, but not after, P15 in mice is associated with reduced PV expression in the deprived barrels of the barrel cortex and leads to decreased inhibitory neurotransmission onto layer 4 spiny neurons (Jiao et al., 2006) .
Contribution of Developing GABAergic Interneurons to Network Synchrony
The maturation of primitive network oscillations differs between cortex and hippocampus. In the hippocampus, giant depolarizing potentials (GDPs), which can be abolished by GABA A receptor antagonists, are present in the slice preparation at birth (Figure 3 ; Ben-Ari et al., 1989) . In the neonatal cortex, another form of network synchrony (early network oscillations or ENOs) predominates for the first 3 postnatal days (Garaschuk et al., 2000) . ENOs rely exclusively on glutamatergic release, and as cortical maturation progresses, ENOs are replaced by GDPs relying on the release of excitatory GABA (Allene et al., 2008 ).
In the hippocampus, the generation of GDPs is thought to depend on long-range ''hub'' interneurons (Bonifazi et al., 2009 ). It will be interesting to investigate whether the maturation of such hub neurons is delayed by a few days in the cortex compared to the hippocampus, which might help explain the later appearance of cortical GDPs. Alternatively, the levels of GABA released in the cortex might not be sufficient to provide the excitation needed to entrain synchronous network oscillations. A third possibility is that GABAergic interneurons may be present in the cortex shortly after birth but may not be recruited by glutamatergic inputs and depolarizing GABAergic inputs and/ or may be unable to evoke postsynaptic responses (Daw et al., 2007) . Although GDPs are short lived, their function may be essential to set the stage for subsequent maturational steps. Hippocampal GDPs were shown to enhance the strength of immature glutamatergic synapses by promoting pre-and postsynaptic concomitant depolarization (Mohajerani et al., 2007) . Thus, GABAergic interneurons, by contributing to neuronal synchrony in the neonatal cortex, could play a role in the wiring of immature cortical circuits.
As GABAergic transmission matures, interneurons start to act as circuit pacemakers, a function that they continue to have in the adult cortex. Most major rhythmic activity patterns measured in the adult are present in the hippocampus by the end of the first postnatal week. However, little is known about the functional significance of these rhythms during postnatal development. Cortical synchronizations in the gamma range were reported in early postnatal sensory cortex (P0-P4) in response to sensory stimulation, but they passively followed a thalamic oscillator until $P5, when emerging inhibition in the cortex began to pace gamma oscillations (Minlebaev et al., 2011; Yang et al., 2012) . Spindle bursts were also observed at birth in the neonatal rat somatosensory and visual cortex (Hanganu et al., 2006; Khazipov et al., 2004) and at P3 in the rat prefrontal cortex (PFC) (Brockmann et al., 2011) . In addition, two other types of oscillatory activity were detected in the rat PFC during the first postnatal week, namely oscillations in the slow gamma range (30-40 Hz) and large, rare oscillations of longer duration occurring on average every 20 min. Interestingly, while spindle burst and gamma frequency oscillations synchronized small local neuronal networks, large and slow oscillations propagated within the cortex and synchronized larger cell assemblies . Hippocampal theta oscillations temporally coordinate prefrontal activity in adult rodents (Siapas et al., 2005; Sirota et al., 2008) . In the rat hippocampus theta bursts were observed shortly after birth and drove discontinuous oscillatory activity in the neonatal PFC. At P10-P11, discontinuous spindle bursts and superimposed gamma oscillations (''nested gamma'') in the rat PFC were replaced with continuous oscillatory rhythms. More sustained oscillations in the theta-gamma range emerged at P8-P10 in the hippocampus and entrained PFC activity (Brockmann et al., 2011; Lahtinen et al., 2002) . Thus, early neural synchrony in the hippocampus may facilitate the maturation of PFC networks.
Given the role of FS interneurons in the generation of gamma rhythms in the neocortex and hippocampus (Cardin et al., 2009; Fuchs et al., 2007; Sohal et al., 2009) , faster intrinsic properties and faster GABA A receptor kinetics are likely to be needed to achieve precise timing of oscillations (Traub et al., 1996) . In support of this hypothesis, computational modeling of fastspiking basket cell networks endowed with ''young'' intrinsic and synaptic properties showed that oscillations in such networks occurred in the lower gamma range and only with low coherence. In contrast, networks based on highly connected fast-spiking basket cells with mature electrophysiological properties generated coherent activity in the upper gamma frequency band (Doischer et al., 2008) . Similarly, sharp wave-associated ripple oscillations, one of the major hippocampal rhythms (125-250 Hz), whose emergence is likely to critically depend on the fast pacing of pyramidal cells by FS PV + basket cells, were reported to emerge at the end of the second postnatal week and to gradually increase until P18, when their frequency reached that recorded in adult animals (Buhl and Buzsaki, 2005) .
The development of theta activity is of great interest since it is the major hippocampal rhythm that occurs during exploratory activity and it modulates the activity of spatially tuned excitatory neurons in the hippocampal-entorhinal formation. Orchestrated activity of place and grid cells in the hippocampus and entorhinal cortex, respectively, is believed to underlie the generation of spatial representations and memory (Fyhn et al., 2004; O'Keefe and Dostrovsky, 1971) . Interestingly, theta activity in the hippocampus is established before place and grid cell activity develops. However, much of this activity might reflect propagation of theta from extra-hippocampal regions. Immature place and grid cells can be recorded in 2 ½-week-old rat pups, and the refinement of grid cell properties is accompanied by an increase in coordinated activity between entorhinal stellate cells, suggesting that the gradual synchronization of enthorinal networks by interneurons is crucial for the maturation of spatial coding (Langston et al., 2010; Wills et al., 2010) . Plasticity Controlled by GABA Maturation during Postnatal Development in the Visual Cortex Long after the establishment of synaptic contacts and the development of mature patterns of oscillations, neuronal circuits continue to display remarkable plasticity during critical periods of postnatal development in multiple brain regions and across species. The best-studied form of critical period remodeling is perhaps ocular dominance plasticity in the visual cortex. Absence of patterned visual input in children, but not in adults, results in permanent loss of visual acuity (amblyopia). Cellular correlates of amblyopia were first studied in cats, where it was shown that closure of one eye during the critical period results in strengthening of the input from the open eye at the expense of the input from the closed eye (Wiesel and Hubel, 1963) . Furthermore, monocular deprivation during the critical period leads to a significant expansion of the territory targeted by inputs from the spared eye at the expense of areas targeted by the deprived eye. A series of important studies have revealed a key role of GABAergic interneurons in setting the onset and closure of the critical period.
The first evidence for a major contribution of the GABAergic system in controlling visual cortex wiring during the critical period was obtained using a pharmacological approach (Reiter and Stryker, 1988) . These results were confirmed with mice lacking GAD65, where the ocular dominance shift is prevented in animals deprived of visual inputs for 4 days at P25-P27, the peak of the critical period. This effect could be compensated by augmenting GABA A receptor activity with benzodiazepines (Hensch et al., 1998) , indicating that sufficient levels of synaptic GABA release are required for the critical period to occur. Interestingly, GAD65 KO mice exhibited ocular dominance shifts at any age when visual deprivation was associated with cortical infusion of diazepam, indicating that critical period onset is delayed indefinitely in the absence of normal GABA release during development but can be triggered by sufficient GABA A receptor activation at later stages (Fagiolini and Hensch, 2000) . Knockin mice expressing a diazepam-resistant GABA A receptor a1 subunit were used to demonstrate that specific GABAergic circuits involving a1-containing GABA A receptors located on the soma of pyramidal cells are necessary to trigger ocular dominance plasticity during the critical period. Since a1-containing receptors mediate the synaptic input from PV + basket cells, PV + interneurons may have an important role in opening the critical period (Fagiolini et al., 2004) . These rapid effects are likely to result from morphological changes of intracortical circuitry at the level of dendritic spines. Indeed, brief monocular deprivation during the critical period caused rapid changes in spine motility (Oray et al., 2004) and density (Mataga et al., 2004) . Agonists of GABA A receptors delivered in the visual cortex for a month starting 2 weeks after birth widen column spacing, while partial block of GABA A receptors has the opposite effect (Hensch and Stryker, 2004) . These results show that not only synaptic wiring but also the large-scale architecture of neuronal circuits is directly shaped by GABAergic transmission during late cortical development.
Brain activity also plays a role in the termination of the critical period by influencing the maturation state of GABAergic interneurons. For instance, faster maturation of PV + interneurons resulting from increased BDNF expression in pyramidal cells during postnatal development terminates the critical period of ocular dominance plasticity sooner (Huang et al., 1999) . Furthermore, non-cell-autonomous transfer of the homeoprotein Otx2 coordinates postnatal PV + cell maturation and the timing of visual cortical plasticity (Sugiyama et al., 2008) . Importantly, grafting GABAergic precursors from the MGE into the postnatal visual cortex reopens the critical period in adult mice exactly at the time when the grafted cells reach the stage of maturation equivalent to that of endogenous inhibitory neurons during the normal critical period (Southwell et al., 2010) . These studies strongly support the notion that opening and closure of the critical period is determined mostly by the state of maturation of inhibitory circuits in the cortex, which is further supported by data showing that the critical period can be reopened in adult animals by manipulating the GABAergic system. Ocular dominance plasticity was reactivated in adult mice by altering the function of PV + cells via disruption of the extracellular matrix of perineuronal nets (Pizzorusso et al., 2002) . It can also be reactivated by lowering inhibition in other ways, such as infusion of GABA A receptor antagonists (Harauzov et al., 2010) . Interestingly, dark exposure in adulthood reinstates ocular dominance plasticity by rejuvenating GABAergic synaptic transmission, in particular by re-expressing endocannabinoid-mediated longterm depression at inhibitory synapses onto pyramidal cells (iLTD) Jiang et al., 2010) . Based on these results, it was proposed that the control of the excitation/inhibition (E/I) ratio is critical for plasticity in the visual cortex. The cellular mechanisms that confer an advantage to nondeprived inputs during the critical period are not well understood, but data suggest that inhibitory circuits in the visual cortex undergo profound changes during the period preceding the critical period. In the immature mouse visual cortex following eye opening, but before the critical period (P15-P17), transient visual deprivation for two days dramatically increases spontaneous activity in layer IV star pyramidal neurons, an effect resulting both from the increase in excitatory drive and decrease in inhibitory drive. The effects can be reversed when visual inputs are restored. Therefore at that stage of development, the homeostatic adjustment of the E/I ratio allows the network to adapt to variations of sensory inputs (Maffei et al., 2004) . Interestingly, inhibition provided by bipolar regular-spiking interneurons onto layer 4 star pyramids was maintained following monocular deprivation, while inhibition provided by FS cells strongly decreased, suggesting that distinct interneuronal networks are involved in maintaining the E/I balance. Shortly thereafter, the network in layer IV loses its ability to compensate the loss of excitatory drive caused by sensory deprivation around the beginning of the critical period (Maffei et al., 2006; Maffei and Turrigiano, 2008) .
Maturation of GABAergic Neurons and Neurodevelopmental Disorders
Clearly, GABAergic interneurons play a critical role in shaping cortical maturation at various stages of development in the healthy brain. During maturation, interneurons exert several functions: by first releasing depolarizing GABA, they promote proliferation and migration, favor synaptic maturation, and provide the drive for synchronizing immature networks. As development of interneuron progresses, GABA gradually becomes more hyperpolarizing, and a coordinated change in the whole GABAergic system gradually takes place, involving the maturation of firing patterns, GABA release, GABA degradation and reuptake. Together these features allow cortical networks to generate oscillations of wider amplitude and faster frequencies, and eventually oscillations in the fast gamma range, a hallmark of mature circuits. GABA transmission is essential for the plasticity of immature circuits during critical periods of brain development. Because of its role in setting the length of critical periods as well as its function in brain wiring and the generation of immature oscillatory patterns, the maturation of GABAergic transmission plays a key role in enabling brain complexity in higher mammals. Here, we discuss insights, largely gained from mouse genetic studies, into alterations in GABAergic circuit function in psychiatric disorders and consider how PV + interneurons in particular may play a critical role. Schizophrenia GABAergic circuits show a variety of deficits in adult schizophrenic patients . One of the most consistent findings is the selective downregulation of GAD67 and PV in PV + interneurons in layer 3-5 in the prefrontal cortex (Akbarian et al., 1995; Hashimoto et al., 2003; Mirnics et al., 2000; Volk et al., 2000; Zhang and Reynolds, 2002) . In schizophrenic patients, the expression of GABA A receptor a1 subunit is reduced in cortical pyramidal cells at the postsynaptic inputs from PV + basket cells (Glausier and Lewis, 2011) . Furthermore, the expression of a2 is increased at the postsynaptic site of synapses made by Chandelier cells onto pyramidal cells (Volk et al., 2002 ) and the expression of GAT1 is reduced in Chandelier cell terminals (Pierri et al., 1999; Woo et al., 1998) . Moreover, the disruption of oscillatory activity observed in the cortex of individuals with schizophrenia, gamma oscillations in particular (Uhlhaas and Singer, 2010) , also points to changes in PV + interneuron function. The observation that NMDA receptor antagonists induce behaviors reminiscent of cognitive, negative and positive symptoms of schizophrenia led to the hypothesis that NMDA receptor hypofunction may be a core feature of the disorder (Coyle and Tsai, 2004; Rotaru et al., 2012) . Genetically modified mice with low NMDA receptor expression have schizophrenia-like behavioral features, further supporting this hypothesis (Mohn et al., 1999) . Moreover, genes encoding proteins that modulate NMDA receptor function have been associated with higher risk of schizophrenia (Coyle and Tsai, 2004) , and there is direct evidence of NMDA receptor hypofunction in the brain of schizophrenic patients in vivo (Pilowsky et al., 2006) . Administration of NMDA receptor antagonists results in an increase in cortical activity (Breier et al., 1997) , suggesting that NMDA receptor hypofunction may specifically occur in interneurons. In adult mice, there is direct evidence that NMDA receptor antagonists decrease the activity of GABAergic interneurons in the PFC (Homayoun and Moghaddam, 2007) .
The observation that PV expression is decreased in the brain of schizophrenic patients and experimental evidence that PV + neurons are crucial for the generation of gamma oscillatory activity led to the suggestion that NMDA receptor hypofunction specifically in PV + cells may be a central feature of the disease.
Supporting this hypothesis, NMDA receptor antagonists downregulate PV expression (Behrens et al., 2007; Kinney et al., 2006) . It should be noted, however, that several observations argue against NMDA receptor hypofunction in adult PV + cells as a causal event in schizophrenia. First, NMDA receptor expression in PV + cells is low in comparison to NMDA receptor expression in pyramidal cells and other interneurons in the normal forebrain (Rotaru et al., 2011; Wang and Gao, 2009) . Consistent with these results, FS interneuron-mediated disynaptic inhibition onto pyramidal cells is NMDA receptor-independent in the somatosensory cortex (Hull et al., 2009; Ling and Benardo, 1995; Pouille et al., 2009) . NMDA receptor in PV + neurons might in fact be less prone to activation than those on pyramidal cells (Hull et al., 2009) . Moreover, the power of gamma oscillations is increased in the hippocampus and prefrontal cortex of mice lacking NMDA receptors selectively in PV + interneurons (Carlen et al., 2012; Korotkova et al., 2010) , consistent with modeling studies (Rotaru et al., 2011) . On the contrary, gamma-band oscillations during the execution of cognitive tasks were mainly found to be reduced in schizophrenic patients Singer, 2010, 2012 )-although some reports suggest that resting-state gamma oscillations after auditory stimulation are increased (Spencer, 2012) and that positive symptoms of the disease (i.e., hallucinations and delusions) correlate with increased gamma oscillations in sensory cortices (Lee et al., 2003; Spencer et al., 2009) . In addition, mice lacking NMDA receptors in adult PV + cells do not display any behavioral phenotype reminiscent of schizophrenia (Korotkova et al., 2010) . Since NMDA receptors are more highly expressed in PV + interneurons during development than in adulthood , it remains possible that NMDA receptor hypofunction on PV + cells during development, rather than in adulthood, contributes to the disease. Mice with selective ablation of NMDA receptors in a fraction of forebrain interneurons including PV + interneurons show deficits reminiscent of human schizophrenia if the ablation takes place during early postnatal development but not in adult mice (Belforte et al., 2010) . Thus, deficits of NMDA receptors during development may impair PV + cells activity and consequently decrease PV and GAD67 expression. This would in turn alter GABAergic signaling and in particular short-term plasticity (Eggermann and Jonas, 2011; Muller et al., 2007) at PV + cell-pyramidal cell synapses. However the hypothesis of a specific NMDA receptor hypofunction in PV + cells remains largely speculative, as there is no convincing evidence of altered NMDA receptor -mediated glutamatergic transmission onto PV + cells in the brain of schizophrenic patients.
In fact, decreased expression of PV and GAD67 in PV + interneurons may rather reflect downscaling of activity in response to decreased activity in pyramidal cells and might alter gamma oscillations (Volman et al., 2011; Vreugdenhil et al., 2003) . Spine density was found to be decreased in layer 3 pyramidal cells in the cortex of schizophrenic patients (Garey et al., 1998; Glantz and Lewis, 2000) , lending support to the concept that pyramidal cells are less prone to be recruited by incoming glutamatergic inputs. This in turn would reduce the activity of PV + cells . Such a scenario in which modified PV + cell activity results from other upstream events is also supported by the correlation between decreased glutamatergic release from principal cells and decreased excitability of PV + neurons. Thus, decreased excitability of PV + interneurons and decreased inhibitory transmission onto pyramidal cells were observed in mice lacking the Dtnbp1 gene coding for dysbindin (Ji et al., 2009) . Genetic variants of DTNBP1 have been shown to predispose to schizophrenia (Straub et al., 2002) , and DTNBP1 expression in the prefrontal cortex is significantly reduced in schizophrenic patients (Weickert et al., 2004) . Dysbindin is predominantly expressed in synaptic vesicles at glutamatergic terminals (Numakawa et al., 2004; Talbot et al., 2004 Talbot et al., , 2006 , suggesting that PV + cell dysfunction is secondary to altered glutamatergic release in Dtnbp1 knock-out mice.
There is evidence that perturbed maturation of interneurons may be a risk factor for the development of schizophrenia. Polymorphisms, genetic variants or deletions in the genes encoding Neuregulin 1 (NRG1) and its receptor tyrosine kinase, ErbB4, are associated with both increased risk of schizophrenia and aberrations of interneuron development. The NRG1 gene was first recognized as a susceptibility locus for schizophrenia (Stefansson et al., 2003; Stefansson et al., 2002; Williams et al., 2003) . A recent study demonstrated that ErbB4 is expressed exclusively in inhibitory interneurons, in particular in PV + interneurons. ErbB4 was shown to promote the formation of axo-axonal synapses from chandelier cells onto pyramidal cells and the formation of glutamatergic synapses onto PV + interneurons (Fazzari et al., 2010) .
There is also evidence that molecular pathways associated with schizophrenia control interneuron migration. NRG1/ErbB4 signaling promotes the migration of immature cortical GABAergic interneurons (Flames et al., 2004) . Tangential migration of MGE-derived interneurons is also impaired following knockdown of DISC-1, a susceptibility gene for schizophrenia (Steinecke et al., 2012) . Altered interneuron migration during development is consistent with the increased density of interneurons observed in the superficial white matter of schizophrenic patients (Anderson et al., 1996; Eastwood and Harrison, 2003; Joshi et al., 2012) . Thus, it is possible that MGE-derived interneurons, and PV + cells in particular, get improperly connected to cortical networks in the developing schizophrenic brain, in addition to or instead of receiving reduced excitatory inputs from cortical pyramidal cells. The hypotheses proposing different mechanisms leading to altered PV activity are not mutually exclusive.
Given the role of BDNF in adapting maturation of PV + interneurons to pyramidal cell activity, it is likely that BDNF/TrkB signaling contributes to the etiology of schizophrenia, and in particular, to decreased activity in PV + cells. Indeed decreased expression of TrkB and BDNF was observed in the brain of schizophrenic patients (Hashimoto et al., 2005; Weickert et al., 2003) . In mice lacking TrkB receptors in PV + interneurons, decreased glutamatergic input to PV + cells and reciprocally decreased GABAergic input onto pyramidal cells in the hippocampus was demonstrated (Zheng et al., 2011) . Finally, an important indication that alterations of GABAergic mechanisms may be implicated early during development and that they are not merely the consequence of altered activity in the diseased adult brain was provided by the discovery that polymorphisms of GAD1, the gene coding for GAD67, are associated with childhood onset schizophrenia (Addington et al., 2005) . Autism Deficits in GABA signaling have also been implicated in autism, another disorder of neural development. Autism appears during early infancy, with a diagnosis usually established before the age of three, i.e., at a time of major cortical remodeling. Although symptoms may vary, autistic children typically display impaired socialization and communication skills, as well as repetitive behaviors. Numerous studies have pointed to altered E/I balance in autism, with evidence for disruption of both excitatory and inhibitory synaptic transmission. Autism is strongly correlated with network hyperexcitability, with about 30% of autistic children suffering from epileptic seizures (Gillberg and Billstedt, 2000) . The expression of GAD65 and GAD67 (Fatemi et al., 2002; Yip et al., 2007) as well as the expression of GABA A and GABA B receptors (Fatemi et al., 2010; Oblak et al., 2011) are decreased in the cortex of autistic patients. Alteration of PV + interneurons is one of the most striking features in animal models of autism. For example, reduced numbers of PV + cells are observed in valproic acid-treated mice, an animal model of autism (Gogolla et al., 2009) . Similarly, mice engineered to carry a mutation of the gene encoding urokinase plasminogen activator receptor (uPAR), which has been associated with autism (Campbell et al., 2008) , displayed a 50% reduction in neocortical GABAergic interneurons, including a complete absence of PV + interneurons, and exhibit spontaneous seizures and autistic traits (Powell et al., 2003) .
Although these modifications might be the consequence of pathophysiological mechanisms upstream of GABA signaling, there is evidence that causally links GABAergic mechanisms and nonsyndromic autism, i.e., autism that is not secondary to another underlying pathology. Genetic studies revealed that de novo mutations and polymorphism of genes encoding proteins essential for GABA signaling are associated with autism. For example, mutations or genetic variants implicated in autism are often found in genes coding for cell adhesion molecules of the neurexin (NRXN)-neuroligin (NLG) families that are expressed at glutamatergic and GABAergic synapses (Chih et al., 2005) . There is evidence that neuroligin mutations specifically affect GABAergic synapses. Thus, a point mutation in Nlg3 (R451C) associated with autism enhances GABAergic transmission, but does not change glutamatergic transmission in layer 2-3 pyramidal cells in the mouse somatosensory cortex (Tabuchi et al., 2007) . In these mice, a reduction in the number of neocortical PV + interneurons was also observed (Gogolla et al., 2009 ). Furthermore, maternal duplication of the chromosomal region 15q11-13 constitutes one of the most common cytogenetic abnormalities found in nonsyndromic autism, accounting for 1%-3% of cases (Kumar and Christian, 2009 ). The 15q11-13 genetic locus includes genes coding for three GABA A receptor subunits (GABRA5, GABRG3, and GABRB3). In particular, polymorphisms of GABRB3, which encodes the b3 subunit of GABA A receptors, were associated with higher risk of autism (Menold et al., 2001 ), a finding which is consistent with decreased expression of b3 in the brain of autistic patients (Samaco et al., 2005) . Increased risk of autism has been associated with polymorphisms in or near the DLX1/2 genes which govern the migration and differentiation of forebrain GABAergic interneurons (Anderson et al., 1997a; Anderson et al., 1997b; Liu et al., 2009) .
Autistic features are also prevalent in three distinct neurodevelopmental disorders, Angelman syndrome, Rett syndrome, and Fragile X syndrome, all of which are associated with increased susceptibility to epileptic seizures, and hence, E/I imbalance. In most cases, Angelman syndrome is caused by mutations or deletions of the maternally inherited chromosomal region 15q11-13, and specifically by mutations affecting the gene encoding E3 ubiquitin ligase (UBE3A). Mutations or deletions of UBE3A are sufficient to cause Angelman syndrome, but larger deletions in chromosomal segment 15q11-13 correlate with exacerbated clinical phenotypes and in particular with severe epilepsies (Clayton-Smith and Laan, 2003; Minassian et al., 1998) . This is likely due to the presence of genes encoding GABA A receptor subunits in this genetic region, especially GABRB3. Mice lacking the Gabrb3 gene develop features reminiscent of Angelman syndrome, including seizures . Mutations of Ube3a also affect GABA signaling. Although both excitatory and inhibitory transmission are decreased in mice lacking the maternal copy of Ube3a (Ube3a mÀ/p+ mice), the effect on inhibition is even more pronounced, accounting for the increased E/I ratio and network hyperexcitability. Ube3a mÀ/p+ mice accumulate clathrin-coated vesicles at inhibitory axon terminals, indicative of an interneuron-specific defect in vesicle cycling (Wallace et al., 2012) . Rett syndrome is caused in the majority of cases by mutations in the gene encoding Methyl CpG binding protein 2 (MeCP2) located on the X chromosome. MeCP2 is a transcriptional regulator that binds to methylated DNA, and it regulates the expression of UBE3A and GABRB3, which may account for autism, increased risk of epilepsy, and decreased GABA A receptor number in Rett syndrome (Samaco et al., 2005) . Although MeCP2 is expressed in both glutamatergic and GABAergic forebrain neurons, its expression is higher in the latter cell type. Indeed, mice lacking MeCP2 specifically in GABAergic interneurons recapitulate features of Rett syndrome (Chao et al., 2010) . Because it regulates the expression of BDNF, MeCP2 may be involved also in the activity-dependent control of GABAergic interneuron maturation (Chen et al., 2003; Martinowich et al., 2003) . Notably, MeCP2 regulates the transcription of DLX5, a transcription factor critical for the migration and maturation of PV + interneurons (Horike et al., 2005; . Fragile X syndrome also involves clear deficits in GABAergic signaling. Mice lacking the Fragile X mental retardation 1 (FMR1) gene are prone to seizures, indicating an E/I imbalance. The altered mGluR5 signaling at glutamatergic synapses in Fragile X syndrome (Bhakar et al., 2012 ) also funnels eventually into GABAergic circuit impairments since mGluR5 receptors modulate glutamate release onto fast-spiking interneurons (Sarihi et al., 2008) . This and other alterations in GABAergic circuits may contribute to neuronal hyperexcitability in Fmr1 knockout mice. The density of PV + interneurons is decreased and their laminar distribution is altered in Fmr1 knockout mice, whereas the density and distribution of calbindin + and calretinin + interneurons remain unchanged (Selby et al., 2007) . The expression of several GABA A receptor subunits is also decreased in the cortex of mice lacking Fmr1 (D'Hulst et al., 2006; El Idrissi et al., 2005) . At the functional level, tonic, but not phasic, GABA A currents are downregulated in Fmr1-lacking subicular neurons (Curia et al., 2009 ). Consequently, deficits in GABA signaling throughout postnatal development may exacerbate autism and epileptic seizures in Fragile X patients.
While the majority of data collected in studies of the diseased human brain and in animal models point to reduced inhibitory synaptic transmission in disorders associated with autism, a few studies have provided evidence that GABA signaling is increased in animal models of ASD (Tabuchi et al., 2007) . However, it is worth noting that opposite changes in the E/I ratio, depending on whether they take place in interneurons or pyramidal cells, may cause similar phenotypes at the level of large neuronal networks.
The full sequence of developmental processes that are disrupted in autism and associated disorders is far from being fully understood. There is some evidence that GABA-dependent plasticity mechanisms are disturbed during development. In particular, ocular dominance plasticity has been studied in animal models of Angelman, Rett, and Fragile X syndromes. The study of cortical plasticity in models of autism-related diseases seems particularly relevant since the critical period for ocular dominance plasticity in humans takes place by and large at a time (6 months to 7 years of age) when autistic symptoms become apparent. In mice lacking the maternal copy of Ube3a, a model of Angelman syndrome, ocular dominance plasticity after brief monocular deprivation was strongly impaired during the critical period in the visual cortex (Sato and Stryker, 2010; Yashiro et al., 2009) . Similarly, in an Fmr1 knockout mouse model of Fragile X syndrome, the expected depression of the contralateral eye response could not be observed after visual deprivation during the critical period of OD plasticity (Dolen et al., 2007) . On the contrary, ocular dominance plasticity was present in adult Mecp2 heterozygous female mice after the critical period was terminated in control mice (Tropea et al., 2009 ). These results suggest that the cellular mechanisms involved in critical period plasticity may be disrupted in autism-related diseases (for review, see LeBlanc and Fagiolini, 2011) . However, it remains to be established whether the critical period is shortened, extended or delayed in these mouse models. Conclusions As we have seen, disruptions of GABAergic circuitry at several points can contribute to neurodevelopmental disorders (Figure 4) . It is perhaps surprising that some of the most consistent findings in brains of patients suffering from autism spectrum disorders or schizophrenia point to specific impairments in PV + interneurons. Distinct roles of PV + interneurons during development may be at play in the etiology of autism and schizophrenia. PV + interneurons are crucial in setting the opening and closing of the critical period, which in humans occurs during early postnatal development, when the first symptoms of autism are also detected. One may speculate that in autism, disrupted PV + cell function impairs plasticity, and thus cortical wiring, during a restricted period of early postnatal maturation. In schizophrenia, improper function of PV + interneurons may occur at later stages of postnatal development thus impairing their ability to pace gamma oscillations, consistent with altered gamma oscillations in the schizophrenic cortex. Therefore, it will be crucial to study carefully the physiological, morphological and transcriptional maturation of PV + interneurons in animal models of ASDs and schizophrenia. Not only do GABAergic mechanisms shape brain maturation, but they also constantly and dynamically adapt to brain activity during development. Therefore, changes affecting a specific type of interneuron or of GABAergic synapse will not be sufficient to account for the etiology of a defined disorder. Alterations of GABAergic circuits in neurodevelopmental disorders will have to be studied within the larger framework of cortical network maturation. Eventually careful, large-scale computational modeling will allow integration into a larger framework each single piece of information gained from the morphological and physiological studies of genetic variants associated with distinct neurodevelopmental disorders, taking into account the developmental variability of cortical networks. The considerable GABA-mediated plasticity of cortical networks during postnatal development could be used to develop new selectively targeted therapies, be they pharmacological or behavioral, before cortical circuits lose their developmental plasticity. Adult patients suffering from neurodevelopmental disorders may also benefit from new strategies aimed at reinstating cortical plasticity by manipulating GABA signaling (Bavelier et al., 2010; Beurdeley et al., 2012; Maya Vetencourt et al., 2008; Sale et al., 2007) . More generally, recent studies suggest that reversing the disrupted molecular deficits observed in neurodevelopmental disorders can restore proper function even if treatments are started in the adult (Ehninger et al., 2008; Guy et al., 2007; Krueger and Bear, 2011) , thus giving justified hope for the development of new pharmacological tools based on the identification of altered molecular pathways.
